Cloned bovine preimplantation embryos were generated by somatic cell nuclear transfer (SCNT) of bovine fetal fibroblasts with a silent copy of the pluripotency reporter gene GOF, integrated at a single site of a chromosome 13. GOF combines the regulatory Oct4/Pou5f1 sequence with the coding sequence for EGFP. EGFP expression served as a marker for pluripotency gene activation and was consistently detected in preimplantation embryos with 9 and more cells. Threedimensional radial nuclear positions of GOF, its carrier chromosome territory and non-carrier homolog were measured in nuclei of fibroblasts, and of day 2 and day 4 embryos, carrying 2 to 9 and 15 to 22 cells, respectively. We tested, whether transcriptional activation was correlated with repositioning of GOF toward the nuclear interior either with a corresponding movement of its carrier chromosome territory 13 or via the formation of a giant chromatin loop. A significant shift of GOF away from the nuclear periphery was observed in day 2 embryos together with both carrier and non-carrier chromosome territories. At day 4, GOF, its carrier chromosome territory 13 and the non-carrier homolog had moved back toward the nuclear periphery. Similar movements of both chromosome territories ruled out a specific GOF effect. Pluripotency gene activation was preceded by a transient, radial shift of GOF toward the nuclear interior. The persistent co-localization of GOF with its carrier chromosome territory rules out the formation of a giant chromatin loop during GOF activation.
Introduction
Early development of mammalian embryos is a critical period characterized by transition of developmental control from RNAs and proteins stored in the oocyte to RNAs and proteins, which are newly synthesized after major embryonic genome activation. 1 This critical event occurs at species-specific times after one or several rounds of blastomere cleavage. 2 In bovine embryos major embryonic genome activation takes place at the 8-cell stage, where the largest proportion of genes becomes active during preimplantation development. 3 Some genes, however, are already activated earlier during minor genome activation. 4 The functional implications of nuclear architecture changes, which occur during this period, are currently not well understood. A number of groups, including ours, have made strong efforts to overcome the methodological obstacles preventing the detailed analysis of nuclear architecture in space and time during early mammalian development. [5] [6] [7] [8] [9] [10] [11] It has been reported that nuclear positions of genes, chromatin domains and even entire chromosome territories can change during development and cell differentiation. 8, [12] [13] [14] As an alternative to movements of entire chromosome territories, it was suggested that they may occupy the same nuclear place before and after activation of genes carried by them, whereas giant chromatin loops may form upon transcriptional activation and move such genes far away from their carrier chromosome territory into a nuclear environment favorable for their transcriptional activation and/or the maintenance of transcription. It was hypothesized that giant loops would even allow the formation of co-regulated, spatial clusters of genes located on different chromosome territories. 15 Based on a protocol that combines chromosome painting in 3-dimensional (3D) preserved in vitro fertilized (IVF) bovine embryos with 3D confocal laser scanning microscopy (CLSM) and quantitative 3D image analysis, we have previously studied radial nuclear distributions of the gene-dense BTA 19 and the gene-poor BTA 20 chromosome territories during preimplantation development. 8 Prior to major embryonic genome activation at the 8-cell stage we observed a peripheral, radial distribution of both chromosome territories 19 and 20. 3 After major embryonic genome activation a gene density-related radial distribution of chromosome territories, 19 (more central) and 20 (more peripheral), was established. 8 The goal of the present investigation was to explore a possible link between pluripotency gene activation and specific radial movements of such genes in nuclei of cloned bovine embryos with the help of a marker gene for pluripotency gene activation (GOF). 16 In a previous study we established a model system of cloned bovine embryos based on somatic cell nuclear transfer (SCNT) of bovine fetal fibroblasts with the stably integrated pluripotency marker gene GOF. 17 This transgene combines regulatory sequences of the pluripotency gene Oct4/Pou5f1 with the coding sequence for EGFP. 18 The coding sequence for EGFP synthesis is controlled by a 9-kb fragment of the mouse Oct4/Pou5f1 regulatory sequence with a deletion in the proximal enhancer. 19 GOF is silent in fibroblast nuclei, but EGFP was detected in cloned embryos with 9 cells. 17 Although causal relationships between pluripotency gene activation and major embryonic genome activation are still not clear, we suggest a temporal correlation of GOF activation with major embryonic genome activation in cloned bovine embryos and that this event occurs in both cloned and IVF bovine embryos at the 8-cell stage. 3 This model system was employed for a quantitative 3D-FISH study to answer the question, whether Oct4/Pou5f1 promoter activation in nuclei of cloned bovine embryos is preceded or followed by changes of the radial nuclear positioning of GOF in comparison with the radial positioning of silent GOF in fibroblast nuclei. We considered 2 scenarios for a hypothetical repositioning of GOF. The marker gene might move on a giant chromatin loop expanding from the carrier chromosome territory into the nuclear interior or GOF might move together with its carrier chromosome territory. The analysis of the non-carrier homolog 13 provided a control for possible chromosome territory 13 movements unrelated to the presence and activity of GOF.
An accompanying study from our group demonstrated strikingly similar global changes of nuclear landscapes during early development of cloned and in vitro fertilized bovine embryos.
11
On their way toward major EGA at the 8-cell stage nuclei of in vitro fertilized embryos underwent striking structural changes characterized by the development of a centric or sometimes acentric major lacuna deprived of chromatin and surrounded by rather compact major chromatin bodies. These bodies were located at the nuclear periphery. They were well separated from each other and apparently represent individual chromosome territories. We referred to these nuclei as ENPs (for Embryonic Nuclei with Peripheral chromosome territory distribution). In cloned embryos approaching the 8-cell stage strikingly similar changes were observed. The flat-ellipsoidal shape of nuclei in cultured bovine fetal fibroblasts, used for somatic cell nuclear transfer, changed to a roundish shape. Nuclei increased in size and developed a major lacuna with a peripheral chromatin arrangement. In some cases, the nuclear phenotype noted in cloned 8-cell embryos was indistinguishable from ENPs in IVF embryos. In other cases, the major lacuna and the formation of well separated major chromatin bodies was less pronounced. Accordingly, we referred to such nuclei as ENP-like. During further development of cloned and IVF embryos nuclei became smaller but maintained their roundish shape and adopted a phenotype presenting typical architectural features of somatic cells, characterized by a network of CTs and chromatin clusters throughout the nuclear space, as well as an enrichment of dense chromatin beneath the nuclear lamina and around nucleoli. 20, 21 We referred to these nuclei as ENCs (for Embryonic Nuclei with Conventional architecture).
11 These pronounced changes of nuclear architecture have to be taken into consideration in studies of embryonic nuclei focused on potential radial movements, which may accompany the activation of GOF or other individual genes (see Discussion).
Results
In a previous study we had demonstrated a single integration site of the pluripotency marker gene GOF into an autosome of the bovine fetal fibroblast culture used for SCNT experiments. 17 In the present study this site was mapped more precisely ( Fig. 1) . Three-color FISH to fibroblast metaphase chromosome spreads of the GOF probe, a chromosome paint probe for BTA 13 and an a-satellite DNA probe to pericentromeric heterochromatin demonstrated integration of GOF into BTA 13q, close to the block of pericentromeric heterochromatin.
Next, we performed 2-color 3D-FISH with BTA 13 paint probes and a differentially labeled GOF probe to nuclei of fibroblasts and cloned embryos, fixed at day 2 and day 4 after SCNT. Embryos chosen at day 2 consisted of 2 to 9 cells, embryos at day 4 of 15 to 22 cells. A confocal laser scanning microscope with a high numerical aperture objective was used to record 3D image stacks from 48 BFF nuclei and 127 blastomere nuclei. For high quality 3D imaging we chose embryonic nuclei, located close to the plastic surface onto which day 2 and day 4 embryos were attached.
Whereas parameters, such as the strong volume increase and the roundish shape of nuclei in day 2 embryos were fully maintained after 3D-FISH as compared with nuclei studied immediately after the 3D fixation procedure, we noted that the preservation of nuclei in embryos suffered during the 3D-FISH procedure as indicated by multiple, local disruptions of the nuclear border. Such disruptions were most prominent following 3D-FISH in the large nuclei of day 2 embryos, but were not seen in embryonic nuclei after a 3D fixation and DAPI staining without a FISH treatment. 11 Nuclei of cloned day 2 embryos resembled nuclei of IVF embryos close to major embryonic gene activation.
We suggest that the particular vulnerability of such nuclei reflected the lack of a layer of compact chromatin attached to the lamina beneath the nuclear envelope. This layer was typical for the much smaller nuclei of day 4 embryos, which were also less sensitive to damage induced by the 3D-FISH protocol in line with the fact that such damage was also very rarely noted after 3D-FISH of fibroblast nuclei. For a quantitative 3D analysis we chose nuclei showing a reasonable structural preservation with well defined FISH signals. From the 20 nuclei selected from day 2 embryos for a detailed 3D analysis, 3 were chosen from 2 2-cell embryos, 3 from one 3-cell embryo, 5 from 2 6-cell embryos, 2 from 2 7-cell embryos, 5 from 3 8-cell embryos, and 2 from 2 9-cell embryos.
Of the 20 nuclei selected from day 4 embryos, 18 were taken from embryos carrying between 15 and 22 cells. Two nuclei selected from day 4 embryos, whose cell number was not determined, showed a decreased volume within the range of the other 18 nuclei. Significant and non-significant differences between the absolute changes of radial positions of GOF and both chromosome territories 13 in day 2 and day 4 embryos were maintained, when these 2 nuclei, as well as the 2 nuclei from 9-cell embryos at day 2 were eliminated from the statistical analysis (data not shown).
Nuclear examples shown in Figure 2 indicate an impressive internuclear variability of radial positions noted for GOF, carrier and non-carrier chromosome territories 13 in fibroblast and embryonic nuclei. GOF signals were found either at the border or inside of the carrier chromosome territory 13, but never far away. This finding excludes a role of giant chromatin loops, which would carry away GOF from its carrier chromosome territory prior to or during transcriptional activation. Figure S1 shows examples of nuclei with aberrant numbers of carrier and non-carrier chromosomes 13 in our SCNT experiments. Table 1 argues for a higher frequency of polyploidization and chromosome missegregation events in cloned embryos compared with IVF embryos. Day 2 cloned embryos displayed a higher frequency of chromosome missegregations compared with day 4 cloned and day 2 IVF embryos. Compared with fibroblast nuclei, a highly significant increase of nuclei with gains of GOF and/or chromosome territories 13 was detected in day 2 embryos but not in day 4 embryos, which in comparison with day 2 embryos revealed a significant drop of aberrations.
For a complete 3D reconstruction and 3D evaluation we chose 20 fibroblast nuclei, 20 nuclei from day 2 embryos and 20 nuclei from day 4 embryos with intense painting of both chromosome territories 13 and clearly identifiable GOF signals. Compared with nuclei seen in fibroblast cultures, embryonic nuclei revealed a severalfold volume increase at day 2, whereas at day 4 nuclear volumes had decreased again to the range observed for fibroblast nuclei (Fig. 3A) . For a measure of nuclear roundness we calculated the volume of the largest possible sphere, which could be virtually embedded in a given nucleus and then divided the volume of this sphere by the total nuclear volume (Fig. 3B) . A strictly spherical cell nucleus is characterized by a roundness factor 1, whereas a roundness factor 0 would indicate a completely flat nucleus with a negligible axial extension. Compared with the flat ellipsoidal shape of nuclei recorded in fibroblast cultures, Figure 3C shows a highly significant increase of nuclear roundness in both day 2 and day 4 embryos. Variability of higher order chromatin arrangements of the pluripotency marker gene GOF, its carrier chromosome territory (CT) 13 and the noncarrier homolog. Panels A-F. CSLM images were recorded from 6 nuclei A-F representative for the variability of radial nuclear arrangements of GOF (green), its carrier and non-carrier chromosome territories 13 (red): 2 fibroblast nuclei (A and B), 2 embryonic nuclei from cloned embryos at day 2 (C and D), and 2 nuclei from cloned embryos at day 4 (E and F). DAPI stained DNA is presented in gray. X/Y-sections (A1-F1) and X/Z sections (A2-F2) were taken at positions including the painted carrier chromosome territory with the GOF signal. Two white arrows in A1-F1 indicate the site, where the X/Z section was taken perpendicular to the X/Y section. Correspondingly, 2 white arrows in A2-F2 indicate the site, where the X/Y section was taken perpendicular to the X/Z section. A3-F3 show partial 3D reconstructions of the same nuclei presenting the location of the carrier and non-carrier chromosome territories 13. A4-F4 show enlarged, virtual sections of the carrier chromosome territory with GOF signals representing the nearest position of GOF to the DAPI stained nuclear border. Bars: 3 mm for A1-F1, A2-F2, A3-F3; 2 mm for A4-F4. Tables 2 and 3 present the results of a quantitative analysis of absolute and relative 3D radial positions of GOF, carrier and non-carrier chromosome territories 13 with respect to 3D nuclear borders in fibroblast nuclei and in day 2 and day 4 embryonic nuclei. The absolute radial position of a given FISH signal was defined as the shortest distance (nm) of its intensity gravity center from the nuclear border. Each signal's relative position was determined to be between 1 and 0. A position of 1 represented localization directly at the border and a position of 0 represented localization at the center of the nucleus (for further details see Experimental Procedures). Box/scatter plots in Figure 4A show the results of our measurements of absolute, radial positions, whereas box/scatter plots in Figure 4B show the calculated relative positions. A statistical analysis of these data is presented in Table 2 . In comparison with fibroblast nuclei, we observed a significant increase of the mean distance of carrier chromosome territory 13 to the nuclear border in day 2 embryos (Table 2, row 1). A significantly larger, absolute, mean distance was also noted for carrier chromosome territory 13 in day 2 nuclei compared with day 4 nuclei ( Table 2 , row 2). Absolute, radial positions of carrier chromosome territory 13 in fibroblast nuclei and in day 4 embryonic nuclei did not differ significantly ( Table 2 , row 3). Absolute GOF positions determined in fibroblast nuclei did also not significantly change in day 2 embryonic nuclei ( Table 2 , row 4). A significant, absolute shift of GOF toward the nuclear periphery occurred between day 2 and day 4 (Table 2, row 5). In line with this finding we also noted a significant decrease of the absolute distance of GOF to the nuclear border between fibroblast nuclei and day 4 embryonic nuclei (Table 2, row 6).
Figure 4 and
Most notably, a comparison between absolute, radial positions of carrier and non-carrier chromosome territories 13 measured in nuclei of fibroblasts, day 2 and day 4 embryos did not reveal a significant difference ( Table 2 , rows 7-9). This finding shows that the presence of GOF in one of the 2 chromosome territory 13 homologs had no specific influence on their absolute radial positioning. In comparison with fibroblast nuclei the absolute, mean radial position of noncarrier chromosome territory 13 was significantly further removed from the nuclear border in embryonic nuclei at day 2 ( Table 2 , row 10), whereas these positions were neither significantly different between day 2 and day 4 embryonic nuclei ( Table 2 , row 11) nor between fibroblast nuclei and day 4 embryonic nuclei ( Table 2 , row 12).
To account for the large internuclear variability of volumes, we also determined the relative, radial positions of GOF, carrier and non-carrier chromosome territories 13 ( Fig. 4B and Table 3 ). In comparison with BFF nuclei, the mean, relative position of carrier chromosome territory 13 in day 2 and day 4 embryonic nuclei showed a significant shift towards the nuclear periphery ( Table 3 , rows 1 and 3), whereas the mean, relative position of carrier chromosome territory 13 did not change between day 2 and day 4 embryos ( Table 3 , row 2). The observed changes of relative GOF positions were in line with the relative, positional changes of carrier chromosome territories ( Table 3 , rows 4-6). In line with the comparisons of the absolute, mean radial positions of carrier vs. non-carrier chromosome territory 13, comparisons of the relative positions did also not reveal a significant difference ( Table 3 , rows 7-9). In contrast, in comparison with fibroblast nuclei the relative Following 2-color 3D-FISH with a chromosome territory 13 paint probe and a differentially labeled GOF probe, numbers of GOF, carrier and non-carrier chromosome territories 13 were counted in 3D image stacks recorded from nuclei of bovine fetal fibroblasts, cloned day 2 and day 4 embryos (NT D2 and NT D4, respectively) (compare Supplemental Figure S1 ). In our analysis we included only nuclei, which revealed at least 1 clearly identifiable GOF signal together with its painted carrier chromosome territory 13. Possible cases of two, spatially associated CTs 13 could not be identified and were therefore counted as a single territory. As expected for diploid nuclei, most fibroblast nuclei, as well as nuclei from NT D2 and NT D4 embryos, carried two CTs 13, but aberrant numbers of other CTs can, of course, not be excluded. Compared with fibroblast nuclei, a highly significant increase of nuclei (p <0.001) with gains of GOF and/or chromosome territories 13 was detected in cloned day 2 embryos. Nuclei of cloned day 4 embryos revealed a significant drop (p <0.05) of aberrations compared with cloned day 2 embryos and did no longer show a significant increase compared with fibroblast nuclei. For comparison with aberration frequencies in bovine IVF embryos at day 1, 2 and 3, we added hitherto unpublished counts of gains and losses of painted chromosomes 19 and 20 from a previous study. 8 A statistical comparison of chromosomal missegregation events counted in cloned and IVF embryos at day 2 was performed under the assumption that chromosomes 13, 19 and 20 shared the same risk of mitotic missegregations. This comparison revealed a highly significantly increased risk of missegregations in cloned over IVF day 2 embryos. (1) . Combined box/scatter plots of GOF, the carrier and non-carrier chromosome territories CT 13 in fibroblast nuclei, day 2 embryonic nuclei and day 4 embryonic nuclei observed in cloned embryos at the onset of major embryonic genome activation and shortly thereafter demonstrate an extensive internuclear variability of these measurements. (C and D) present the data set shown in (A and B) , respectively, in relation to the largest sphere, which could be embedded in each given nucleus (compare Figure 3B and 3C) . Note that the variability of absolute distance measurements increased with the size of the embeddable sphere (C), whereas a similar variability was detected with respect to the relative radial positions (D).
mean, radial positions of non-carrier chromosome territories were significantly shifted toward the nuclear periphery in embryonic nuclei at day 2 and day 4 ( Table 3 , rows 10 and 12), whereas these positions did not significantly differ in day 2 and day 4 embryos (Table 3, row 11) . Figure 4C and D present the same set of absolute and relative measurements shown in Figure 4A and B in relation to the largest sphere, which could be embedded in each given nucleus. This presentation further emphasizes the pronounced internuclear variability of GOF, carrier and non-carrier chromosome territory 13 positions, which defies a straightforward interpretation, even for the case of normalized positions.
Discussion
The integration of the GOF transgene into one of the 2 chromosome territories 13 in bovine fetal fibroblasts and therefore in cloned embryos derived from these cells allowed us to perform 3D-FISH experiments to clarify 3 questions, a) whether GOF activation might be accompanied by a radial movement of this transgene toward the nuclear interior; b) whether a demonstrable movement of GOF would occur together with its carrier CT 13 or independent via a giant chromatin loop expanding from the carrier CT; c) whether potential radial movements of the carrier CT would be paralleled by similar movements of the homologous CT 13.
EGFP, the product of transcribed GOF, was only detected in embryos with 9 cells. Activation of pluripotency genes signifies a major change of the transcriptome during reprogramming of the descendents of a transferred fibroblast nucleus. Notably, GOF activation occurred during the same period of preimplantation development as major embryonic gene activation in IVF embryos at the 8-cell stage. 3, 17 Apparently major reprogramming of gene expression signified by GOF activation was correlated with structural changes of nuclei in cloned embryos, which were strikingly similar with structural changes observed in IVF embryos. 11 Cloned embryos approaching the 8-cell stage adopted Table 2 . Statistical analysis of differences between absolute, mean distances of GOF and chromosome territory (CT) 13 gravity centers to the nuclear border in bovine fetal fibroblasts (BFFs), day 2 and day 4 cloned embryos Table 3 . Statistical analysis of differences between relative, radial positions of GOF and chromosome territory (CT) 13 gravity centers in bovine fetal fibroblasts (BFFs), day 2 and day 4 cloned embryos Cell numbers counted in cloned embryos at day 2 and day 4 suggest that GOF activation had already started in a fraction of day 2 embryos and that GOF was active in the large majority, if not all nuclei of embryos studied from day 4 embryos. These nuclei showed predominantly the ENC phenotype, which was also adopted by nuclei of in vitro fertilized embryos after major genome activation. 11 At first glance our quantitative analysis of 3D radial nuclear positions of GOF in nuclei from fibroblasts and day 2 embryos may argue that a repositioning of this pluripotency marker gene preceded its transcriptional activation. Notably, a comparison of the radial positions of GOF and both chromosome territories 13 in day 2 embryos did not indicate a significant correlation with the actual number of cells present in each embryo (data not shown). This finding argues against a gradual repositioning of GOF during subsequent cleavage cycles toward the nuclear interior before major embryonic/pluripotency gene activation is occurring around the 8-cell stage. At this point we can neither exclude the possibility that the required detachment of fibroblasts from the plastic surface for SCNT yielded a rounder shape with a change of the radial position of GOF nor the possibility that the observed shift in day 2 embryos with 2 to 9 cells was already present in cloned one-cell embryos. A radial shift of genes prior to transcriptional activation makes sense in somatic cell nuclei, where a chromatin environment favorable for transcription together with an enrichment of active genes was noted in the nuclear interior as compared to the less favorable nuclear periphery. 23, 24 When applied to the present study, such an interpretation does not take into account the major changes of higher order chromatin architecture, which take place both in IVF and cloned bovine embryos, which pass through the major embryonic/pluripotency gene activation window of preimplantation development. 11 The significant transient shift of GOF away from and back to the nuclear periphery observed in our quantitative 3D comparison of fibroblast nuclei with day 2 and day 4 embryonic nuclei was strictly correlated with corresponding movements of the carrier chromosome territory 13 in embryonic nuclei. The persistent colocalization of GOF with its carrier chromosome territory rules out the possibility that the repositioning of GOF away from the nuclear periphery in day 2 embryos compared with nuclei from fibroblasts depended on the formation of giant chromatin loops. Movements of the non-carrier chromosome territory 13 homolog provided an ideal internal control to decide whether movements of the carrier chromosome territory 13 were triggered by the presence of GOF. Our observation, that the same absolute and relative transient movements were observed for carrier and non-carrier chromosome territories 13, rules out a specific influence of GOF. In our original hypothesis we predicted that GOF may move from the nuclear periphery toward the nuclear interior, because the interior may provide a more convenient environment for active genes. Since GOF, once activated around the 8-cell stage, remains transcriptionally active throughout the whole following preimplantation period, one would expect that GOF should also retain the more interior nuclear position observed in day 2 embryos. The highly significant absolute shift toward a more peripheral position in day 4 embryos came as an unexpected surprise.
Our findings emphasize that positional changes of genes must be interpreted in the context of changes of the nuclear architecture at large. The apparent differences of absolute and relative distance measurements are a reflection of the complex changes in volume, shape and global chromatin organization between flat ellipsoid fibroblast nuclei, the much larger, roundish nuclei of embryos at the onset of major embryonic gene activation at day 2 and the again much smaller, but still roundish nuclei of day 4 embryos. We do not know yet, when and why the change of nuclear shape actually takes place. Possibly, nuclei already adopt a more roundish shape, when fibroblasts are detached from their growth surface.
Preimplantation development of bovine IVF embryos is prone to chromosomal missegregation and polyploidization events, often leading to embryos consisting of both diploid and polyploid cells. 25, 26 Such effects have been observed in various mammalian species, including man, and seem to be even more pronounced in cloned embryos. 27, 28 The wide variation of cell numbers observed in our study in day 2 embryos may reflect the particularly high frequency of chromosome missegregations during the first cleavage stages of cloned embryos. The interplay of structural and functional changes of embryonic nuclei during early development provides an unresolved conundrum of developmental biology. The fact that a fibroblast nucleus after SCNT is forced within its new cellular environment to achieve the same, global architecture as nuclei in fertilized IVF embryos and pass through the same sequence of changes, however, strongly suggests that the observed sequence of structural changes should not be belittled as a byproduct of functional reprogramming. We argue that structural reorganization is linked inseparably with changes of nuclear functions.
It is interesting to compare the changes of 3D nuclear architecture observed in our current studies of cloned and IVF bovine embryos with the development of embryos from other mammalian species, such as mouse and rabbit. 5, 6, 10 For this purpose, one has to take into account that mammalian species differ in the timing of major embryonic gene activation. 2 In rabbit embryos this event apparently starts, like in bovine embryos, at the 8-cell stage. In a previous study of in vivo derived and cloned rabbit embryos from our group, only occasional nuclei recorded at this stage showed the peripheral chromatin arrangement phenotype. 6 Immunodetection of H3K4me2/3 was used in this study as a marker for transcriptionally competent chromatin. Although remarkable changes of the nuclear patterns of this marker occurred between 4-cell and 16-cell rabbit embryos, the resolution of 3D-CLSM was not sufficient to perform the quantitative, high resolution 3D-SIM analyses performed with immunostained H3K4me3 in the accompanying study of bovine embryos during the corresponding window of development. 11 In mouse embryos major embryonic gene activation starts at the 2-cell stage. 29 Merico et al. 10 found stage-specific differences between the nuclear topography of kinetochores, pericentric heterochromatin and the nucleolus in IVF and cloned preimplantation mouse embryos. The time-course of nuclear remodeling events differed during the first blastomere cleavage events, but IVF and cloned embryos achieved the same distinct nuclear organization in the majority of embryos at the 8-cell stage. Aguirre-Lavin et al. 5 combined 3D-FISH, 3D-CLSM and quantitative 3D image analyses to study nuclear arrangements of centromeric (minor satellites), pericentromeric (major satellites), and telomeric genomic sequences, as well as nucleolar precursor bodies and nucleoli in naturally fertilized mouse embryos from the zygote to blastocyst stage. Remarkable changes of nucleolar precursor bodies and pericentromeric heterochromatin were noted during the transition from the mouse 2-cell to the 4-cell stage. Approximately half of the telomeres were localized around the nucleolar precursor bodies or associated with extranucleolar pericentromeric signals. The different probe sets and goals pursued in our studies of cloned and IVF bovine embryos and current studies of mouse and rabbit embryos preclude any direct comparison of the results. The differences of global nuclear architectures are, however, remarkable and emphasize the importance of evolutionary comparisons. Such comparisons will help to identify evolutionary conserved features, which are likely of functional importance for the early development of all mammalian species.
In summary, the 3 questions posed at the beginning of the Discussion can be answered as follows: Compared with silent GOF in fibroblast nuclei, we detected a transient shift of GOF in embryonic nuclei away from the nuclear periphery at day 2 (question a). At day 4 GOF had moved back toward the nuclear periphery. This finding disproves the hypothesis that GOF activation requires a permanent shift of this transgene into the nuclear interior. The observation that GOF movements in both directions occurred together with their carrier chromosome territory (CT) 13 rules out the hypothesis a giant chromatin loop was involved in these movements (question b). A specific effect of GOF activation on movements of the carrier CT 13 was ruled out by the fact that the same transient shift observed for the GOF carrier CT was also observed for the non-carrier homolog (question c). The activation of GOF as an indicator of pluripotency gene transcription and translation in cloned day 2 to day 4 embryos seemingly parallels the developmental window, where major embryonic genome activation occurs in IVF embryos. The observed timing of the positional changes of GOF may serve as a case in point to emphasize the necessity to interpret positional changes of genes during early embryonic development in the context of changes of the nuclear architecture at large, including complex changes in volume, shape and global chromatin organization.
Experimental Procedures

Ethics statement
No animal experiments were conducted. Oocytes for somatic cell nuclear transfer (SCNT) were recovered from ovaries of heifers and cows slaughtered for meat production.
Bovine fetal fibroblast cultures
Vigorously growing fibroblast cultures stably transfected with the Pou5f1 reporter construct GOF18-DPE-EGFP were generated and maintained as previously described. 17 The reporter construct includes the EGFP gene flanked by a 9-kb fragment of the murine Pou5f1 upstream region with a deletion in the proximal enhancer, and a 9-kb fragment containing the non-transcribed murine structural Pou5f1 gene. Pou5f1 was previously called Oct4. Hence we refer to the transgene as GOF (GFP-Oct-Four).
Cloned early bovine embryos
Procedures were carried out essentially as described. 17 For details see the thesis of Daniela Koehler. 30 Briefly, embryos were generated by SCNT using fetal fibroblasts carrying the transgene GOF described above. Donor cells frozen in small aliquots were thawed approximately one week before SCNT and grown in a 24-well plate in DMEM, supplemented with 20% fetal calf serum. They were usually confluent on the next day and kept in that state until use. After SCNT the cloned embryos were cultured in 100 ml drops of synthetic oviduct fluid supplemented with 5% (v/v) estrous cow serum at 39 C in a humidified atmosphere of 5% CO 2 , 5% O 2 , and 90% N 2 , covered by paraffin oil. Prior to fixation embryos were briefly washed in 1x PBS at 37 C. Embryos were fixed in 3.7% formaldehyde/1x PBS at room temperature and incubated in 0.1N HCl between 30 sec and 2 min until the zona pellucida disappeared, washed again 2 times each for 10 min in 0.05% Triton X-100/1x PBS containing 0.1% BSA, permeabilized for 60 min in 0.5% Triton X-100/1x PBS containing 0.1% BSA, washed again 2 times in 0.05% Triton X-100 in 1x PBS plus 0.1% BSA, incubated in 0.1N HCl for 2 min, washed as above and finally 2 times each for 10 min in 0.01% Triton X-100 in 2x SSC plus 0.1% BSA. Prior to 3D-FISH embryos were incubated in 50% formamide/2x SSC containing 0.1% BSA (pH D 7.0) for at least 2 days and nights.
DNA probes and labeling procedures
The pluripotency reporter gene GOF was delineated with a probe consisting of the EGFP gene flanked by a 9-kb fragment of the murine Pou5f1 upstream region with a deletion in the proximal enhancer, and a 9-kb fragment containing the non-transcribed murine structural Pou5f1 gene, as well as the neomycin resistance cassette FRT-neo-FRT. 18 For visualization of chromosome 13 we used either a chromosome specific paint probe for sheep (Ovis aries) chromosome 13, which is homologous to bovine chromosome 13 or a bovine chromosome 13 paint probe. 8, 31, 32 Chromosomes were sorted by fluorescence activated chromosome sorting (FACS) and their DNA was amplified using degenerate oligonucleotide-primed PCR (DOP-PCR) or a whole genome amplification kit (GE Healthcare). 31 An a-satellite probe for visualization of pericentromeric heterochromatin on bovine chromosomes was generated by DOP-PCR from bovine genomic DNA using sequence information for bovine satellites III and IV for the synthesis of appropriate primer pairs. For 2-and 3-color FISH experiments probes were labeled appropriately using degenerate oligonucleotide primed polymerase chain reaction (DOP-PCR) or nick-translation protocols. The GOF probe was labeled either with TAMRA (tetramethylrhodamine)-dUTP (Bioron) or Cy3-dUTP, chromosome paint probes with DIG (digoxigenin)-11-dUTP and the a-satellite probe with DNP (dinitrophenol)-11-dUTP (PerkinElmer).
Fluorescence in situ hybridization and signal detection FISH experiments were carried out essentially as described by Cremer et al. 35 with modifications described in detail by Koehler et al. 9, 30 . Hybridization mixtures contained 50% formamide, 2x SSC, 10% dextran sulfate. In 2D and 3D-FISH experiments carried out with cultured cells probe concentrations were about 20-40 ng/ml for chromosome 13 and GOF and 2 ng/ml for the a-satellite probe. In case of 3D experiments to embryos the hybridization mixture contained about 170 ng/ml of the paint and GOF probe. This high amount was important firstly, to counteract probe dilution due to medium adherent to the embryo and secondly, to overcome penetration problems. When the paint probe established from sorted bovine chromosomes 13 was used, 500 mg of bovine Cot-1 DNA was added to 1 mg of painting probe to suppress hybridization of repetitive, labeled probe sequences to repetitive DNA sequences dispersed in the entire bovine genome. In case of the paint probe derived from sheep chromosomes 13, this suppression step was not necessary because of the rapid evolutionary divergence of highly repetitive sequences. Both paint probes yielded the same results. For 3D-FISH, embryos were pipetted into a 5 ml drop of hybridization mixture placed in the middle of a metal ring (diameter approximately 2 cm, height 1 mm (Brunel Microscopes Ltd.)) sealed with Fixogum on the surface of a glass slide. For preservation of the 3D shape of embryos and nuclei care was taken to avoid any deforming pressure and to prevent embryos from drying out at any step of the following procedure. The droplet of hybridization mixture was overlaid with mineral oil to avoid air-drying. After at least 2 hours of equilibration of the hybridization mixture with the embryo in a humid environment the glass slide was put on a hot block for 3 min at 76 C to denature nuclear DNA of embryos and probe DNA simultaneously. Hybridization was performed for 2-3 days at 37 C in a humidified atmosphere. For all subsequent washing and probe detection steps, individual embryos were transferred between 1 ml wells carrying the appropriate solutions (for details see Koehler et al. 30 ). Embryos were washed twice in 2x SSC followed by stringent washings in 50% formamide/2x SSC and in 0.1% SSC, each for 10 min. After a short incubation in 4x SSC/0.02% Tween 20 (4x SSCT) embryos were placed in 4% BSA for 10 min for blocking unspecific antibody binding sites. Embryos were then incubated overnight at 4 C with monoclonal mouse-anti-digoxigenin (1:500, Sigma). After 2 washings in 4x SSCT secondary antibody solutions were applied for 90 min at room temperature: goatanti-mouse-alexa488 highly cross adsorbed (1:200, Molecular Probes/Invitrogen) or goat-anti-mouse-Cy5 (1:100, Dianova). After 2 additional 10-min washings in 4x SSCT, embryos were transferred into 0.1 mg/ml DAPI/4x SSCT for 30 min. Embryos were then subjected to an increasing glycerol dilution series (20%, 40% and 60% in 4x SSCT), each for 5 min, and incubated in Vectashield antifade medium (Vector Laboratories) supplemented with DAPI (0.1 mg/ml) and transferred to poly-Llysinated, 18-well "m-slides" (Ibidi, Martinsried, Germany). Three-color FISH to metaphase spreads from transgenic BFF cultures with differentially labeled probes for GOF, pericentromeric a-satellite sequences and painting of CT 13 was performed according to standard protocols. For detection of the DNPlabeled a-satellite primary polyclonal goat-anti-DNP antibodies (1:250, Sigma) and secondary rabbit anti-goat-FITC (1:200, Sigma) were used.
3D confocal laser scanning microscopy (3D-CLSM) and 3D reconstructions
Embryos attached to m-slides (see above) were carefully equilibrated prior to microscopy with the antifade Vectashield (Vector Laboratories). Care was taken to avoid uncontrolled changes of the refractive index of Vectashield due to dilution with solutions used for storage of embryos. Bovine embryos maintain a diameter of roughly 150-190 mm throughout their preimplantation development. 36 A Plan Apo 20x/0.7 objective was used for the recording of image stacks from entire embryos. It is important to note that high quality images with high aperture objectives used for quantitative analyses of chromosome territory 13 and GOF positions could only be recorded from nuclei located close to the surface of the glass slide. Light optical serial sections were obtained with a Leica TCS SP5 confocal laser scanning microscope using a Plan Apo 63x/1.4 oil immersion objective lens for high resolution image stacks from individual nuclei. Fluorochromes were excited using blue diode, Argon, and Helium-Neon lasers with 405 nm, 488 nm and 594 nm laser lines, respectively. Specimens were imaged using x/y/z voxel sizes of 30-120 nm/200 nm for high-resolution images and 400 nm/500 nm for overview images. 3D reconstructions were done using Amira 5 (Visage Imaging) software. Figures were prepared with Adobe Photoshop CS4 (http://www.adobe.com/).
Quantitative analysis of radial positions of GOF, its carrier chromosome territory 13 and non-carrier homolog For quantitative analysis image stacks were processed using Fiji 1.45b (http://fiji.sc/). 3D radial distributions of chromosomes were measured utilizing the software eADS (enhanced absolute 3D distances to surfaces). 23, 37 Briefly, this software measures the shortest absolute distance of each voxel of a previously segmented chromosome territory or GOF signal to the border of the corresponding segmented nucleus. The program calculates the median of all measured distances of all voxels. This median value resembles the intensity gravity center, i.e. the highest probability of residence of GOF, carrier and non-carrier chromosome territories 13, respectively. To obtain a relative position of this median (1 for localization directly at the border and 0 for a localization at the center) the distance to the closest nuclear border is measured from the center of the nucleus. This distance represents the radius of the largest possible sphere inside the nucleus and serves to determine the relative radial position. The distributions of these absolute distance medians and relative position medians was compared statistically using the Wilcoxon rank-sum test utilizing the software package R 2.15. Final graphs and combined box/scatter plots were generated using R and Microsoft Excel 2003/2007.
